ABSTRACT: We analysed the distribution and expression of the small leucine-rich proteoglycans (SLRPs) decorin, biglycan and lumican in vertebral columns of Atlantic salmon Salmo salar L. with and without radiographically detectable deformities. Vertebral deformities are a reoccurring problem in salmon and other intensively farmed species, and an understanding of the components involved in the pathologic development of the vertebrae is important in order to find adequate solutions to this problem. Using immunohistology and light microscopy, we found that in nondeformed vertebrae biglycan, lumican and decorin were all expressed in osteoblasts at the vertebral growth zones and at the ossification front of the chondrocytic arches. Hence, the SLRPs are expressed in regions where intramembranous and endochondral ossification take place. In addition, mRNA expression of biglycan, decorin and lumican was demonstrated in a primary osteoblast culture established from Atlantic salmon, supporting the in vivo findings. Transcription of the SLRPs increased during differentiation of the osteoblasts in vitro and where lumican mRNA expression increased later in the differentiation compared with decorin and biglycan. Intriguingly, in vertebral fusions, biglycan, decorin and lumican protein expression was extended to transdifferentiating cells at the border between arch centra and osteoblast growth zones. In addition, mRNA expression of biglycan, decorin and lumican differed between non-deformed and fused vertebrae, as shown by quantitative PCR (qPCR). Western blotting revealed an additional band of biglycan in fused vertebrae which had a higher molecular weight than in non-deformed vertebrae. Fourier-transform infrared (FTIR) spectroscopy revealed more spectral focality in the endplates of vertebral fusions and significantly more non-reducible collagen crosslinks compared with non-deformed vertebrae, thus identifying differences in bone structure.
INTRODUCTION
The vertebral column is the defining character in all vertebrates. Thus, spinal disorders are a major cause of disability known to cause severe pain and discomfort in humans and also ethical and economic problems for intensively farmed animals. In Atlantic salmon Salmo salar, 2 well-characterized mechanisms are responsible for bone formation: the compact bone of the amphicoel and trabeculae is formed directly by intramembranous ossification, and the cartilaginous template is replaced by bone in the arch centra through endochondral ossification. Spinal fusions are one of many skeletal deformities ob served in Atlantic salmon (Witten et al. 2009 ) and may be induced by increased water temperature during the early developmental stages in intensive aquaculture production (Baeverfjord 2003) . The pathology and molecular mechanism involved in developing vertebral fusions has been partly characterized (Witten et al. 2005 , 2006 , Ytteborg et al. 2009 , 2010b , Pedersen et al. 2011 . In summary, these studies showed that ectopic bone formation was a key event in the final stage of developing vertebral fu sions, suggesting that a metaplastic shift is involved in the process (Witten et al. 2005 , Ytteborg et al. 2010a .
In mammals it is well established that cartilage and bone cellular activity largely depends on the interaction with the extracellular matrix (ECM) (for reviews, see Waddington et al. 2003 , Gentili & Cancedda 2009 , Pihlajaniemi et al. 2009 ). Bone ECM consists of several different components, such as collagens, glycoproteins and proteoglycans (PGs), which build up the template where mineralization takes place. In addition, these components play a pivotal role in proliferation and differentiation by interacting with growth factors and en zymes. Collagen spacing, arrangement and cross linking are thus important for the availability of mineralization and formation of crystals (Gerstenfeld et al. 1993 , Yamauchi & Katz 1993 , Pornprasertsuk et al. 2004 . We have previously demonstrated reduced collagen transcription, together with reduced transcription of mineralization markers such as osteocalcin and alkaline phosphatase, in vertebral fusions (Ytteborg et al. 2010a) , indicating that the ECM of vertebral fusions is altered. Moreover, cellular events such as proliferation of the osteoblasts and maturation of the chondrocytes is disturbed (Ytteborg et al. 2010a) , suggesting that altered ECM also affects cellular events in Atlantic salmon.
Significant attention has been drawn to the ECM components named small leucine-rich proteoglycans (SLRPs) in mammals, due to their involvement in tissue development, homeostasis and regeneration (Iozzo 1998 , 1999 , Schaefer & Iozzo 2008 . Members of this family are classified into 5 distinct subfamilies (Nikitovic et al. 2012) , and they contain several leucinerich loops that fold into a helical structure, where the leucine-rich loops are thought to bend outward, facilitating collagen binding to the protein core, thus contributing to the regulation of collagen fibrillogenesis (Kalamajski & Oldberg 2010) . The SLRPs carry glycosaminoglycan side chains of varying numbers and types, and their specificity is re stricted to different collagen types and to different positions on the same collagen fibers. Hence, they play specific roles in fibrillogenesis, forming different collagen network and fibril bundle phenotypes (Svensson et al. 1995 , Da ni elson et al. 1997 , Matheson et al. 2005 , Kalamajski & Oldberg 2010 . Studies have also demonstrated a direct role of decorin in regulating collagen crosslinking in vitro (e.g. Seidler et al. 2005) . The 3 members of the SLRP family, decorin, biglycan and lumican, have all been detected in long bones, with specific distributions in bone and cartilage (Bianco et al. 1990 , Takagi et al. 2000 , Alini & Roughley 2001 , Yang et al. 2012 ). They seem to play different roles, where a targeted disruption of the decorin gene alone does not reveal a osteopenia phenotype as in the case of the biglycan gene (Danielson et al. 1997 ), but when genes for decorin and biglycan are disrupted, a much more severe phenotype than for biglycan alone is observed (Corsi et al. 2002) . Compensatory mechanism among the different SLRP family members in the knee joint have also been demonstrated (Nuka et al. 2010) . Biglycan plays a role in osteoblast mineralization through bone morphogenetic protein (BMP) regulation in vitro (Parisuthiman et al. 2005) , and its expression indicated a more dominant role in the mineralization process compared with decorin, both in vivo (Bianco et al. 1990 ) and in vitro (Boskey et al. 1997) . In addition, the roles of decorin and lumican in the maturation and mineralization of osteo blasts have been described in vitro , Mochida et al. 2003 . In biglycan knock-out pre-osteoblasts, biglycan was found to regulate the activity of osteoblastic progenitors through sets of genes associated with the cell cycle and differentiation (Chen et al. 2005 ). The increasing list of different functions of SLRPs and their expression in mammalian bone indicates that SLRPs may play an important role in bone development and deformities in fish as well.
At present, no studies exist on SLRPs in the vertebral column of Atlantic salmon, except the demonstration of decorin at the mRNA level (Ytteborg et al. 2009 ). In this experiment we examined the expression of biglycan, decorin and lumican in the vertebral column of Atlantic salmon in order to reveal their possible functions in the bone development of teleosts. We further analyzed their expression in spinal fusions and included Fourier-transform infrared (FTIR) analysis in order to characterize the bone structure (mineral/matrix, carbonation, crystallinity and collagen crosslinking).
MATERIALS AND METHODS

Experimental groups and sampling
The fish breeding was carried out at Nofima Marin research station (Sunndalsøra, Norway) in 2007 with Atlantic salmon eggs originating from SalmoBreeds. A long-term elevation of temperature during early juvenile development was used in order to induce vertebral fusions. The experiment design and setup is described in Ytteborg et al. (2010a) . Briefly, based on radiographic examinations, vertebrae were di vided into different groups. The non-deformed (ND) group had no observable morphological changes in the vertebral centra or in the intervertebral space. Samples characterized as fused (FS) ranged from incomplete fusions to complete fusions (Fig. 1) . Five vertebral bodies (~1 cm) were carefully dissected from 12 individuals per categorized group, snap-frozen in liquid nitrogen and stored at −80°C before further analysis. Samples for immunohistochemistry were fixed in 4% paraformaldehyde for 24 h at 4°C and further subjected to metyl methacrylate embedding according to the procedure described by Torgersen et al. (2009) .
RNA isolation, cDNA synthesis and real-time PCR
Frozen vertebrae from 24 individuals (n = 12 from each group) were homogenized in liquid nitrogen before total RNA was isolated using Trizol (Invitrogen) and reagents from the RNAeasy Micro to Midi Kit (Qiagen). All samples were DNase treated (DNase I, Invitrogen), and the RNA quality was assessed by 1% agarose gel. One microgram of RNA was subjected to reverse transcriptase (RT)-reaction using the Taqman Gold RT-PCR kit (Applied Biosystems). The samples were diluted 5× before application of samples (in triplicates) to real-time PCR analysis in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems), using the TaqMan 100 rx PCR Core Master Kit (Applied Biosystems). At first, uracil-N glycosylase (UNG) treatment at 50°C for 2 min and UNG inactivation at 95°C for 10 min was performed, followed by amplification of cDNA by 40 two-step cycles (15 s at 95°C for denaturation of DNA, 1 min at 60°C for primer annealing and extension). Cycle threshold (C t ) values were obtained graphically (Applied Biosystems, Sequence Detection System, software version 2.2). Gene expression was normalized to elongation factor 1 alpha (EF-1α) and ΔC t values were calculated. Comparison of gene expression between samples (ND and FS) was derived from subtraction of ΔC t values between the 2 samples to give a ΔΔC t value, and relative gene expression was calculated as 2 −ΔΔC t normalized to ND. The primers and TaqMan probes (5'-labeled-6-FAM and 3' Quencher TAMRA) (Table 1) for real-time PCR am pli fi cation of decorin (GenBank ac cession no. NM 0011 73562.1), biglycan (GenBank accession no. FJ 79999.1), lumican (Gen Bank accession no. NM 00 -1 140062.1) and internal standard EF-1α (GenBank accession no. AF321836) were designed using the Primer Express Program (Applied Biosystems). 
Protein extraction and western blots
Proteins were isolated from the residual fractions after RNA isolation by Trizol, according to the manufacturer's protocol, and protein concentrations were measured with the RC DC Protein Assay (Bio-Rad). Thereafter, 20 µg of protein from each individual of both groups (n = 5 from each group) were solubilised in 6 M urea added to NuPAGE LDS sample buffer (Invitrogen) containing NuPAGE sample reducing agent (Invitrogen), and heated for 10 min at 70−80°C before separation by SDS-gel electrophoresis. The SDS-gel electrophoresis was carried out using 4−12% BisTris gels (Invitrogen), SDS-PAGE NuPAGE MOPS SDS running buffer (Invitrogen) and the Novex Xcell II apparatus (Invitrogen). Transfer of the proteins to nitrocellulose membrane was them carried out by a dry blotting system using iBlot nitrocellulose gel transfer stacks (Invitrogen) and an iBlot gel transfer device (Invitrogen). Non-specific binding sites were blocked using 5% te le ostan gelatine (Sigma) in 0.1 M Tris-saline, pH 7.4. The nitrocellulose membrane was then probed with the polyclonal antibodies decorin (ab35378), lumican (ab70191) and biglycan (ab20033) (Abcam) diluted 1:5000 in Tris-buffered saline (TBS) added to 0.5% teleostan gelatine. These antibodies are specific to teleosts (Tingbø et al. 2012) . Alkaline phosphatise (AP) conjugated secondary antibodies (anti-mouse IgG(H+L), Promega) diluted 1:7500 were then applied to the membranes. Immunoreactive bands were revealed with Novex AP (BCIP/ NBT) color development substrate (Invitrogen), and the reaction was stopped by distilled water.
Immunohistological staining
Serial sections of 6 µm thickness were prepared in parasagittal orientation from vertebral columns of 8 individuals (n = 4 from each group), starting at the periphery and ending at the middle plane of the vertebrae using a Microm HM 355S (Thermo Fisher Scientific), and mounted on poly-L-lysine-coated glass slides. Resin removal was carried out by successive incubations in xylene (1 h), 2-methoxyethylacetate (1 h) and acetone (10 min). The slides were then rehydrated in ethanol series and rinsed for 5 min in diethylpyrocarbonate-treated distilled water (dH 2 O) before the ana lyses. Immunostaining was performed using a DakoCytomation EnVision+ System-HRP (DAB) kit (Dako) according the manufacturer's recommendation and sheep polyclonal decorin antibody (1:1000), sheep polyclonal biglycan antibody (1:100) and sheep polyclonal lumican antibody (1:100), in phosphate-buffered saline (PBS) with added 5% teleost gelatin (Sigma). Unspecific binding sites were blocked using 5% teleost gelatin (Sigma) in PBS. Non-specific binding of the primary antibodies was controlled by substitution of the primary antibody with rabbit whole serum (X0933, Dako) diluted 1:1000 in PBS. Non-specific binding of the secondary antibodies was tested by replacing the latter with dilution buffer (PBS). Sections were counterstained with hemotoxylin (Riedel de Haen) combined with erythrosine B (Aldrich-Chemie) to outline tissue architecture. In brief, sections were stained in hematoxylin for 5−10 min, washed in water for 20 min, and fixed in 0.25% hexamine for 3 min before being stained in erythrosine B for 4 min. Finally, sections were dehydrated in ascending concentrations of alcohol, cleared in xylol and mounted in Eukitt. A spot RT Color Camera (Diagnostic Instruments) was used to photograph the sections in a Leica DMLB microscope (Leica Micro systems Nussloch).
FTIR analysis
For FTIR microscopy, cross-sections (8 µm) of the vertebral columns collected were cut in a cryostat (Leitz 1720 Digital, Leica Instruments) and mounted on ZnSe slides and stored overnight in a desiccator at room temperature before measurements were taken. The FTIR measurements were carried out with an IRscope II combined with an Equinox 55 FT-IR spectrometer (both Bruker Optics) using OPUS-NT soft- Table 1 . Primer and probe sequences ware version 4.0. Spectra were collected from the vertebral end plate in transmission mode in the frequency range 4000 to 750 cm −1 using a mercury cadium telluride (MCT) detector. A background spectrum of the ZnSe slide was recorded before each spectrum was measured in order to correct for water and CO 2 . Four spectra from each vertebral endplate section and together 4 sections from non-deformed and deformed vertebral columns were collected, resulting in 16 spectra per fish. Spectra were collected from 3 fish belonging to the 2 groups to be compared. The spectra were further preprocessed using extended multiplicative signal corrections (EMSC) in The Unscrambler (Camo Process AS, version 9.2) to remove multiplicative baseline effects. The mineral/matrix ratio, carbonation, crystallinity and collagen crosslinks were calculated according to Boskey & Camacho (2007) using MATLAB V.7.10 (The Mathworks) and in-house developed algorithms in MATLAB V.7.10.
Osteoblast cell culture isolated from Atlantic salmon muscle precursors
Myosatellite cells were isolated from Atlantic salmon as described by Koumans et al. (1990) , using the modification for Atlantic salmon as described by Vegusdal et al. (2004) . Cells were allowed to adhere overnight in an L-15 medium containing 10% fetal bovine serum (FBS), 2 mM L-glutamin, 0.01 M HEPES and 10 ml l −1 antibiotic-antimycotic, and then extensively washed with pure L-15. The cells were then trypsinated and re-seeded (Day 0) and subjected to osteogenic differentiation medium composed of growth medium supplemented with 4 mM CaCl 2 , 10 mM β-glycerophosphate, 150 µM L-ascorbic acid, 1 µM 1, 25-dihydroxyvitamin D 3 and 10 nM dexamethasone. Cells were harvested after 1, 2 and 3 wk, as de scribed in Ytteborg et al. (2010c) . Cells were incubated at 12°C without CO 2 and the medium was changed every second day. Their osteoblastic phenotype during differentiation has previously been described (Ytteborg et al. 2010c) . Total RNA was isolated using an RNeasy Mini Kit and QIAshredder columns with the on-column RNase-Free DNase set (Qiagen), all in accordance with the manufacturer's protocols. The total RNA concentration and quality were determined by spectrophotometry (NanoDrop ND-1000 Spectro photometer, NanoDrop Technologies). One microgram of total RNA was reversed transcribed to cDNA as described above. The experiment was repeated 4 times.
Statistical analysis
Statistical analysis was performed using a 2-tailed, unpaired Student's t-test. p-values < 0.05 were considered statistically significant.
RESULTS
Localization of decorin, biglycan and lumican in ND and FS vertebrae
The distribution of the SLRPs was visualized by immunohistochemistry (Figs. 2 to 4) . In non-deformed vertebrae, staining of all SLRPs ( Fig. 2A  decorin, Fig. 3A biglycan, Fig. 4A lumican) was detected in osteoblasts surrounding the vertebral endplates. Weaker staining was detected for all the SLRPs in regions where osteoblasts differentiate into mature osteoblasts, as seen in the intervertebral areas of the amphicoel growth zones. Staining was also detected in mesenchymale tissue above the osteoblast area. In addition, the chordocytes stained positive for all SLRPs, representing differentiated and mature cells of the notochord. However, no expression of SLRPs was obtained in proliferating cells of the notochord, the chordoblasts. Immunostaining of the SLRPs was also detected in hypertrophic chondrocytes at the ossification fronts in the arch centra (Fig. 2B decorin, Fig. 3B biglycan, Fig. 4B  lumican) . Some traces of staining could be detected in proliferating and resting chondrocytes, but this was not consistent be tween the different samples.
In vertebral fusions, the expression of SLRPs was extended to regions with aberrant cellular differentiation patterns (Ytteborg et al. 2010a ). In the amphicoel growth zones, staining intensity increased ( Fig. 2C decorin, Fig. 3C biglycan, Fig. 4C  lumican) . The expression of all 3 SLRPs was found at the border between arch centra and osteoblast growth zones (Fig. 2D decorin, Fig. 3D biglycan,  Fig. 4D lumican) .
Protein expression of SLRPs in ND and FS vertebrae
The expression of SLRPs was further verified by western blot. Protein cores with a molecular size of between 40 and 50 kDa were found in ND and FS vertebrae (Fig. 5) . Only one band of biglycan was detected in ND samples. An additional band of biglycan with a higher molecular weight was obtained from samples of FS vertebrae. Higher molecular SLRPs weights have has been detected during the mineralization phase of cells in vitro (Waddington et al. 2003) .
Transcription of SLRPs in vivo and in vitro
The transcription of decorin, biglycan and lumican in ND and FS vertebrae was assessed by (Fig. 6A) . Decorin was significantly up-regulated, whereas big lycan and lumican was significantly down-regulated in FS vertebrae. The mRNA expression of biglycan, decorin and lumican was also analyzed in an osteoblastic cell culture derived from mesenchymal cells from Atlantic salmon (Ytteborg et al. 2010c) . A transcription pattern with increasing levels of decorin, biglycan and lumican was ob served as the cells differentiated into osteoblast-like cells (Fig. 6B ).
Decorin and biglycan showed a higher transcription during the early stages, Weeks 1 and 2, whereas lumican showed a pronounced increase in Week 3. 
Structural properties of the endplates from ND and FS vertebrae
FTIR analysis was used to measure mineral/ matrix, collagen crosslinks, carbonation and crysta l linity in the vertebral endplate of ND and FS vertebrae.
A significant difference in the maturation of collagen crosslinking was found, with less mature collagen crosslinking in the endplate of FS vertebrae compared with the endplate of ND vertebrae (Table 2 ). In addition, greater variability in spectra recorded in nearby areas of endplate of FS vertebrae was obtained (Fig. 7) . This indicated more structural diversity in the endplate of FS vertebrae compared with ND vertebrae.
DISCUSSION
This study describes the expression and localization of biglycan, decorin and lumican in the vertebrae of a teleost, Atlantic salmon. The expression patterns at mRNA and protein levels were further compared in developing spinal fusions in order to study a possible role of SLRPs during pathogenesis.
Our data demonstrated a well-de fined expression pattern of SLRPs in ND vertebrae and with temporal transcription in osteoblasts in vitro. The patterns indicate that SLRPs play a role in bone development in Atlantic salmon. The 3 SLRPs, decorin, bi glycan and lumican, are all expressed in osteoblasts in the amphicoel growth zones in mature osteo blasts. In addition, all SLRPs were expressed in hypertrophic chondrocytes in the ossification fronts of the arches in normal developing vertebrae of Atlantic salmon. The finding that the SLRPs are ex pressed in regions where intramembraneous and endo chondral ossification takes place hence suggests that they are involved in mineralization. In mammals, SLRPs have been detected in osteoblast and hypertrophic chondrocytes of limb long bones and in developing bone matrices (Bianco et al. 1990 , Takagi et al. 2000 , Alini & Roughley 2001 , Yang et al. 2012 and appear to play a role related to establishing ossification fronts and matrix organization. All 3 proteins showed a molecular size between 40 and 50 kDa, which is in accordance with results from other teleosts (Tingbø et al. 2012 ) and mammals (Iozzo 1999 , Pedersen et al. 2001 ) reflecting cross-species similarities. We found that SLRPs in Atlantic salmon osteoblasts are increasingly transcribed during differentiation in vitro, as described in mammalian osteoblast cell lines , Mochida et al. 2003 , Waddington et al. 2003 , Chen et al. 2005 , Parisuthiman et al. 2005 . The transcription of the SLRPs followed the transcription pattern of other important genes in osteoblast development, such as bone morpho genic protein, collagen type 1 and alkaline phosphatase, previously described for these cells (Ytteborg et al. 2010c) . Biglycan control signaling pathways regulating the osteogenic program (Berendsen et al. 2011) . The ability of bone marrow stromal cells to differentiate into bone-forming cells in vivo correlated with de corin expression (Larsen et al. 2010 ). In our study, transcription of lumican increased at later differentiation stages, compared with decorin and biglycan. This is in accordance with mammals, where lumican has been demonstrated in vitro to be abundantly expressed at mature stages and not during the proliferation stage, being one of the matrix proteins most highly expressed by mature osteo blasts . Thus, our in vitro findings are in line with the in vivo findings, where all 3 proteins were found to have higher expression in mature osteoblasts. Hence, all in all, we suggest that the SLRPs have specific roles in relation to the maturation of osteoblasts and chondrocytes in Atlantic salmon.
In FS vertebrae, the expression of the SLRPs was extended to areas undergoing pathological changes. The SLRPs were found in cells at the border between the arch centra and osteoblast growth zones during the fusion process, areas previously de scribed harboring cells in a trans-differentiating state (Ytteborg et al. 2010a ). In Ytteborg et al. (2010a) it was further found that these cells produced mineralized matrix, causing ectopic mineralization of the vertebrae. Thus, positive signals of biglycan, decorin and lumican in these re gions support our suggestion of their involvement in mineralization. Likewise, in mammals, it has been suggested that ECM components such as SLRPs could play important roles in controlling cell fate and function, causing them to form ectopic bone (Ameye et al. 2002 , Kilts et al. 2009 ). High expression of biglycan has been ob served in ectopic chondro-ossification sites (Lui et al. 2012) . Sustained and in creased expression of both decorin and biglycan have been observed in tendons of an animal model mimicking calcified tendinopathy (Lui et al. 2012) .
We further demonstrated that biglycan was expressed with an additional variant with a higher molecular weight in vertebral fusions, indicating modifications of biglycan at the protein level. SLRPs with a higher molecular weight have been detected during the mineralization of cells in vitro (Waddington et al. 2003) , and it has been suggested that this higher weight form is a regulatory mechanism important for the mineralization process. The modification of biglycan in vertebral fusions, in contrast to decorin Table 2 . Fourier-transform infrared (FTIR) analyses of vertebral endplates (± SD; n = 3 in each group). *Significant difference between endbone of nondeformed (ND) and fused (FS) vertebrae (p < 0.05) and lumican, could indicate different regulatory mechanisms of the SLRPs in bone development of Atlantic salmon. Our antibody recognized both forms, and we therefore do not know whether the distribution of both variants is the same. Further studies have to be performed to reveal the expression of the higher molecular weight band of biglycan in the vertebrae fusions. In our study, the SLRPs differed at the mRNA level between ND and FS vertebrae. Decorin transcription was increased, whereas lumican and biglycan transcription de creased. Thus, both translation and transcription suggested an involvement of the SLRPs in the development of vertebral fusions. Studies in vitro with overexpression of decorin or underexpression of biglycan resulted in a reduced mineralization (Mochida et al. 2003 , Parisuthiman et al. 2005 . FTIR revealed greater variability in spectra re corded in nearby areas of the amphicoel endplates of FS vertebrae, indicating more structural diversity of FS vertebrae compared with ND vertebrae. Interestingly, FTIR data showed a significant difference in maturation of collagen crosslinks that are important in collagen organization. The SLRPs play specific roles in fibrillogenesis, forming different collagen networks and fibril bundle phenotypes (Svensson et al. 1995 , Danielson et al. 1997 , Matheson et al. 2005 , Kalamajski & Oldberg 2010 . Studies have also demonstrated that de corin play a direct role in regulating collagen cross linking in vitro (e.g. Seidler et al. 2005) . Collagen organization and collagen cross links further regulate mineralization, due to the availability of minerals to the template (Gerstenfeld et al. 1993 , Yamauchi & Katz 1993 , Pornprasertsuk et al. 2004 . The mechanism involved in regulation of collagen crosslinking is unknown; however, it has been speculated that SLRPs may act as co-receptors for lysyl oxidase or sterically hinder the binding of lysyl oxidase to the collagen target (Kalamajski & Oldberg 2010) . The difference found by FTIR in spinal fusions supports our overall findings of a disturbed matrix organization and altered mineralization pattern during the pathological development. Our study has shown that SLRPs are important components to study with respect to both normal bone development in teleosts and matrix organization and mineralization during the pathological development of vertebral fusions. 
